Abstract. Carvedilol, a beta-adrenergic blocker, suffers from poor systemic availability (25%) due to firstpass metabolism. The aim of this work was to improve carvedilol bioavailability through developing carvedilol-loaded solid lipid nanoparticles (SLNs) for nasal administration. SLNs were prepared by emulsion/solvent evaporation method. A 2 3 factorial design was employed with lipid type (Compritol or Precirol), surfactant (1 or 2% w/v poloxamer 188), and co-surfactant (0.25 or 0.5% w/v lecithin) concentrations as independent variables, while entrapment efficiency (EE%), particle size, and amount of carvedilol permeated/unit area in 24 h (Q 24 ) were the dependent variables. Regression analysis was performed to identify the optimum formulation conditions. The in vivo behavior was evaluated in rabbits comparing the bioavailability of carvedilol after intravenous, nasal, and oral administration. The results revealed high drug EE% ranging from 68 to 87.62%. Carvedilol-loaded SLNs showed a spherical shape with an enriched core drug loading pattern having a particle size in the range of 66 to 352 nm. The developed SLNs exhibited significant high amounts of carvedilol permeated through the nasal mucosa as confirmed by confocal laser scanning microscopy. The in vivo pharmacokinetic study revealed that the absolute bioavailability of the optimized intranasal SLNs (50.63%) was significantly higher than oral carvedilol formulation (24.11%). Hence, we conclude that our developed SLNs represent a promising carrier for the nasal delivery of carvedilol.
INTRODUCTION
Carvedilol is a nonselective beta-adrenergic antagonist used in the treatment of hypertension and angina pectoris. Although it is well absorbed in the gastrointestinal tract, it is extensively metabolized in the liver leading to decreased bioavailability of about 25% (1) . Accordingly, increasing carvedilol bioavailability is warranted for enhancing its therapeutic effectiveness.
Solid lipid nanoparticles (SLNs) represent an alternative carrier to traditional colloidal carriers such as liposomes, emulsions, and biodegradable polymeric nanoparticles. SLNs are prepared by replacing the liquid lipid (oil) of an o/w emulsion with a solid lipid or a mixture of solid lipids (2) . SLNs have numerous advantages that include (1) low-cost ingredients, ease of preparation, and scale up; (2) rapid dispersion in aqueous media and high entrapment of hydrophob i c dr u g s w i t h c o n t r o l l e d p a r t i c l e s i z e ; ( 3 ) h i g h biodegradability and biocompatibility with improved storage stabilities; and (4) ability to enhance bioavailability and targeting of several drugs (3) . Therefore, we thought it will be beneficial to formulate carvedilol in SLNs.
It seems intuitive and tempting to prepare carvedilolloaded SLNs for oral delivery. However, peroral delivery of drug-loaded SLNs is hindered by burst release in gastric media (4) . To overcome this drawback, intraduodenal administration (5, 6) and protective coating of SLNs have been prescribed (7) . The former approach is clinically inadequate for repeated administration drugs, and the latter increases the costs of manufacture because of the additional coating step. An alternative approach to address the artifacts of SLNs oral administration is to evaluate other routes.
Unlike oral delivery, intranasal delivery is not associated with hepatic first-pass effect, inactivation by intestinal enzymes, or degradation through gastric acid. Additionally, the high vasculature of the nasal membranes facilitates drug absorption (8) . Thus, we decided to investigate the utility of the nasal route for delivering carvedilol-loaded SLNs. This decision was further supported by the fact that several small molecules were successfully delivered by the nasal route through formulation of SLNs (9) (10) (11) .
The aim of the present study was to improve carvedilol bioavailability through developing carvedilol-loaded SLNs for nasal administration.
MATERIALS AND METHODS

Materials
Carvedilol was obtained as a gift sample from Global Napi Pharmaceutical Company (Egypt); glyceryl behenate (Compritol 888 ATO) and glyceryl palmitostearate (Precirol ATO 5) were kindly donated by Gattefossé (France); L-α-phosphatidylcholine (soybean lecithin), poloxamer 407, poloxamer 188, polyacrylic acid (Carbopol 971P), formic acid (HPLC grade), acetonitrile (HPLC grade), disodium hydrogen phosphate, and dialysis bags with a molecular weight cutoff of 12,000 g/mol were purchased from Sigma-Aldrich (USA); and rhodamine B was purchased from Loba Chemie (India). All other ingredients used were of analytical grade.
Experimental Design
A 2 3 full factorial design was used to investigate the effect of three independent variables: lipid type (X 1 ), surfactant concentration (X 2 ), and co-surfactant concentration (X 3 ) on three dependent variables: entrapment efficiency (Y 1 ), particle size (Y 2 ), and amount of carvedilol permeated/unit area in 24 h Q 24 (Y 3 ). The details of the design are shown in Table I .
Preparation of Carvedilol-Loaded SLNs
SLNs were prepared according to a modified emulsion/ solvent evaporation method (12) . Briefly, 10 ml organic phase was prepared by dissolving 10 mg carvedilol, 100 mg lipid (Compritol or Precirol), and lecithin (in concentrations of 0.25 and 0.5% w/v) in methylene chloride, while the aqueous phase was 25 ml solution of poloxamer 188 in concentrations of 1 or 2% w/v in distilled water. Both phases were heated to the same temperature (70°C in the case of Compritol and 60°C in the case of Precirol). The organic phase was added dropwise to the hot aqueous phase at a constant rate under homogenization (Ultra Turrax® T 25 basic homogenizer, IKA, Staufen, Germany) and sonication (Sonix TV ss-series ultrasonicator, Sonix IV Ultrasonic Cleaning Systems, North Charleston, SC). Homogenization was carried out at 13,500 rpm for 10 min. The resulting colloidal dispersion was poured into 25 ml cold distilled water and stirred at 1000 rpm for 1 h at 2°C in an ice bath to allow for the hardening of the SLNs.
This nanoemulsion was centrifuged (SIGMA 3-30K, Steinheim, Germany) at 14,000 rpm for 3 h at 4°C. The precipitate was washed twice with distilled water, desiccated, and kept at 4°C for further characterization.
In Vitro Characterization of SLNs
Determination of Carvedilol Entrapment Efficiency (EE%)
The amount of entrapped carvedilol was determined by lysis of the separated precipitate (25 mg) in 50 ml of methylene chloride, by centrifugation of the solution at 4000 rpm for 30 min, and then by analyzing the drug content by the HPLC method (13) . The analysis was carried out with a liquid chromatograph (Agilent 1260 Infinity, Waldbronn, Germany), equipped with Agilent 1260 Infinity Diode array detector VL (Agilent Technologies, Walnut Creek, CA) (G 1315D), Agilent 1260 Infinity preparative pump (G 1361A), Agilent 1260 Infinity thermostatted column compartment (G 1316A), and Agilent 1260 Infinity preparative auto-sampler (G 2260A).
Separation and quantification were carried out on a C18 column (ZORBAX Eclipse Plus, Agilent Technologies, Walnut Creek, CA) (25 cm × 4.6 mm i.d., particle size of 5 mm). The mobile phase was a mixture of acetonitrile/0.05 M disodium hydrogen phosphate (50:50, v/v) with pH 4.0. The mobile phase was filtered by passing through a 0.45-μm membrane filter, degassed, and delivered at a flow rate of 1 ml/min. Detection was performed at a wavelength of 242 nm at ambient temperature. Carvedilol EE% was determined using the following formula:
Total drug Â 100
Determination of Particle Size and Zeta Potential
Dynamic light scattering (Zetasizer Nano ZS, Malvern instruments, Malvern, UK) was used to assess the mean particle size, polydispersity index, and zeta potential of SLN dispersions. The samples were diluted with distilled water before measurement. All measurements were performed in triplicate at a temperature of 25 ± 2°C and an angle of 90°to the incident beam (14) .
In Vitro Release Study of Carvedilol-Loaded SLNs
In vitro release of carvedilol was performed using vertical diffusion Franz cells with an effective diffusion area of 5 cm 2 . The release studies of carvedilol from SLNs were performed in 50 ml of simulated nasal electrolyte solution (SNES) pH 5.5 (composed of 7.45 mg/ml NaCl, 1.29 mg/ml KCl, and 0.32 mg/ ml CaCl 2 ·2H 2 O and pH adjusted at 5.5) (15) containing 20% propylene glycol as receptor medium to ensure sink condition (16) .
The aqueous nanoparticulate dispersion equivalent to 3 mg of carvedilol was placed in the donor compartment. The receptor compartment was maintained at 37 ± 0.5°C and stirred by a magnetic bar at 100 rpm. The donor compartment was separated from the receptor compartment by cellulose dialyzing membrane with a molecular weight cutoff of 12,000 g/mol which was soaked in the receptor medium overnight. At predetermined time intervals (0.5, 1, 2, 3, 4, 5, 6, 7, and 8 h), 1 ml aliquots were withdrawn from the sampling port and were replaced with an equal volume of fresh medium to Cosurfactant concentration (%) 0.25 0.5 maintain constant volume. The samples were filtered through a 0.45-μm pore filter and analyzed by the HPLC method as stated above, and the drug release percent was determined. Plots of percent drug released against time were constructed. The release of the free drug solution (3 mg carvedilol dissolved in 2 ml ethanol) was also investigated in the same way.
To determine the mechanism of the release of carvedilol from its SLNs, the release data were analyzed using linear regression according to zero-order and first-order as well as Higuchi diffusion model. The correlation coefficient [r] was determined in each case, and accordingly, the orders of release were determined.
Ex Vivo Permeation Study
Freshly excised sheep nasal mucosa (except the septum part) was collected in phosphate buffer saline (PBS), pH 6.4. The membrane was kept in PBS pH 6.4 for 30 min to equilibrate. The superior nasal concha was identified and separated from the nasal membrane (17) . The excised superior nasal membrane was then mounted on Franz diffusion cell. Franz diffusion cell used for ex vivo diffusion studies had a surface area of 5 cm 2 and mucosa thickness of 0.2 ± 0.1 mm. The temperature of the receiver chamber containing 50 ml of diffusion media PBS pH 6.4 containing 20% propylene glycol was controlled at 37 ± 0.5°C under continuous stirring with a magnetic bar at 100 rpm, in a way that the nasal membrane surface just flushes the diffusion fluid. Carvedilol-loaded SLNs (equivalent to 3 mg carvedilol) were placed in the donor compartment of a Franz diffusion cell. Samples from the receptor compartment were withdrawn at predetermined time intervals (0.5, 1, 2, 3, 4, 6, 8, 10, 12, and 24 h), and the receptor chamber was compensated with equal volumes of fresh medium. The withdrawn samples were filtered through a 0.45-μm pore filter and finally analyzed by the HPLC method as mentioned before.
The permeation data of carvedilol were graphically plotted as the cumulative amount of drug permeated per unit area as a function of time and the permeation parameters could be provided. The cumulative drug in the receptor compartment after 24 h was defined as Q 24 (μg cm −2 ). The permeability coefficient K p (cm h −1 ) of carvedilol from each formulation can be calculated by dividing the slope of the straight line portion of the curve (flux) by drug concentration originally added. The lag time could be determined from the X-intercept of the linear portion of the graph.
Optimization Data Analysis and Model Validation
Data collected from a total of eight runs for each response were fitted to a set of multiple linear regression models using R (version 2.15, R Core Team, Vienna, Austria). The experimental design allows the estimation of a mean term, three main effect terms, three two-way interaction terms, and one three-way interaction term. However, for practical reasons, we assume that the three-way interaction does not exist. This assumption allows us to estimate a residual variability term. To avoid overparameterization, a backward stepwise regression approach was adopted. Starting with a full model, the most insignificant term (t test, p value > 0.05) was eliminated and the reduced model was fitted. This step was done iteratively so that only significant terms remain in the final model.
Evaluation of the final model was based on multiple correlation coefficient (R 2 ), residual versus fitted values plot, normal quartile-quartile plot, and percentage prediction error (%PE). In case of poor fitting, the Box-Cox transformation and maximum likelihood was used to estimate a proper power parameter (18) .
Our ultimate goal was to develop an optimal formula with high EE%, small particle size, and large Q 24 . To achieve this goal, a weighted arithmetic mean response (Y avg ) was calculated by
and maximized. Y 1 ′ , Y 2 ′ , and Y 3 ′ are the normalized responses. Responses intended for maximization were normalized using the formula:
, while responses intended for minimization were normalized using the formula:
where Y min and Y max are the minimum and maximum modelpredicted response.
The equal weights used in Eq. (1) suggest that the three responses had the same importance during optimization.
Confocal Laser Scanning Microscopy (CLSM) Study
Rhodamine B-labeled SLNs were prepared as described previously with some modifications. A 10-mg/ml methanol stock solution of rhodamine was prepared. Five microliters from this stock solution was diluted in the organic phase and preparation was continued as mentioned before. CLSM was used to scan the fluorescence signal of labeled SLNs (S8) and methanolic PBS solution of rhodamine (19, 20) . For CLSM study, the ex vivo permeation study was carried out as described above. After 2 h, the nasal mucosa was removed and washed with distilled water. The treated area was frozen at −20°C, and then the frozen mucosa was sectioned with a cryostat into 20 μm slices and placed on glass coverslips. The samples were then microscopically examined without additional tissue processing using an inverted laser scanning confocal microscope LSM 710 (Carl Zeiss, Germany). The rhodamine was excited with a He/Ne laser (excitation = 524 nm) and light emission was detected using a bypass filter (emission = 580 nm).
Transmission Electron Microscopy (TEM)
Formula S8 was selected for morphological examination of the particles. A drop of the diluted emulsion was applied on a carbon coated grid. The emulsion was left for 2 min to allow its absorption in the carbon film, and the excess liquid was drawn off with filter paper and an aqueous solution of phosphotungstic acid was used as a negative stain. Samples were examined by TEM (Jeol, Tokyo, Japan) operating at an accelerating voltage of 80 kV (21) .
Stability Study of SLNs
SLN formula S8 was stored in a glass vial at 4°C for up to 3 months. Samples from the selected formula were withdrawn at definite time intervals (30, 60 , and 90 days) and characterized for particle size, entrapment efficiency, and zeta potential (21) .
Tolerability and Toxicity Studies (Histopathological Studies)
Four male Wistar albino rats weighing 200-250 g received 20 μl of SLNs (S8 after being incorporated into a mucoadhesive in situ gel base which consisted of 20% poloxamer 407, 10% poloxamer 188, and 0.5% Carbopol 971P) once daily via the nasal route for 14 days. The rats were then sacrificed and their nasal septum with the epithelial cell membrane was isolated (15, 22) , fixed in 10% formaldehyde for 24 h, decalcified, washed with water, and then dehydrated by ethyl alcohol. Specimens were cleared in xylene then embedded in paraffin at 56°C in a hot air oven for 24 h. Tissue blocks of paraffin beeswax were then prepared for sectioning at 5 μm by slide microtone. The obtained tissue sections were collected on glass slides, deparaffinized, and stained by hematoxylin and eosin stains. Slides of untreated and treated tissues were examined using a light microscope (23) .
Pharmacokinetic Studies
Animals
This study was approved by the local animal ethical committee of Beni Suef University. A group of six New Zealand White (NZW) male rabbits weighing 2.5 ± 0.17 kg were used in this study. After an overnight fasting, rabbits were dosed, held in restrainers during blood sampling, and were conscious throughout the duration of the experiments.
Study Design
The study was assigned in a fasted state with a singledose, three-treatment and three-period crossover design with 1 week washout period before administration of another formulation.
Dosage and Drug Administration
Each rabbit received a dose of 1.0 mg/kg from each of the three formulations used in this study. The formulations were as follows: carvedilol coarse suspension (1 mg/ml) in purified water was given by the oral route, in situ gel containing the SLN formula S8 (12.5 mg/ml) of 100 μl was administered in each nostril and the carvedilol solution (1 mg/ml) was prepared in sterile water for injection containing 1% w/v Tween 80 and 2% w/v ethanol, and the solution was injected into the marginal ear vein of each rabbit.
Sample Collection
After administration of the different formulations, 2.0 ml blood samples were collected at different time intervals (0.5, 1, 2, 4, 8, 12, and 24 h) from the marginal ear vein of each rabbit. Blood samples were collected in EDTA tubes to avoid clotting, and samples were centrifuged at 3000 rpm for 15 min to obtain plasma. The separated plasma tubes were stored at −20°C until assayed.
Chromatographic Conditions
Plasma samples were analyzed for carvedilol adopting a modified liquid chromatography tandem mass spectrometry (LC-MS/MS) method (24) which consisted of a Shimadzu Prominence (Shimadzu, Japan) series LC system equipped with degasser (DGU-20A3) and auto-sampler (SIL-20 AC) using Luna C18 column (Phenomenex, Inc., Torrance, CA, USA) (4.6 × 50 mm; 5 μm particle size).
The mobile phase was a mixture of acetonitrile and 0.1% formic acid (50:50%v/v) and was delivered at a flow rate of 1 ml/min into the mass spectrometer's electrospray ionization chamber, and the injection volume was 20 μl. Quantitation was achieved by MS/MS detection in positive ion mode using a MDS Sciex (Foster City, CA, USA) API-3200 mass spectrometer. The column and auto-sampler tray were maintained at 25°C. The ion spray voltage was set at 3.6 kV and the nebulizer gas pressure was 35 psi. The multiple reaction monitoring (MRM) mode was employed for the quantification: m/z 407.2 → 100.2 for carvedilol. Fragmentor and collision energy were adjusted at 145 and 29 V, respectively. Gas temperature was 300°C and gas flow rate was 10 l/min. All data acquisition was controlled by Analyst software 1.4.2 (Applied Biosystems Inc., Foster City, CA, USA).
Sample Preparation for Analysis
An aliquot of 1.5 ml of acetonitrile was added to 0.5 ml of the plasma samples. The samples were vortexed for efficient mixing for 2 min and centrifuged at 3000 rpm for 10 min, and the clear supernatant was injected into the LC apparatus. The carvedilol recovery (5-300 ng/ml) varied between 93.65 and 100.26%. The calibration line was linear between 5 and 300 ng/ml (r 2 = 0.9986) (n = 8).
Data Analysis
Pharmacokinetic characteristics from plasma data following administration of the three treatments were estimated for each rabbit using WinNonlin® (version 1.5, Scientific Consulting, Inc., USA). Noncompartmental analysis was used. C max (ng/ml) and t max (h) were the observed maximal drug concentration and the time needed to reach this concentration, respectively. The area under the curve, AUC 0-24 (ng h/ml), was calculated using the trapezoidal rule from zero time to the last time of the blood sample. The AUC from zero to infinity, AUC 0-∞ (ng h/ml), was calculated as AUC 0-∞ = AUC 0-24 + C t / k, where C t is the last measured concentration at time t, and k is the terminal elimination rate constant estimated by log-linear regression analysis on data visually assessed to be at the terminal log-linear phase. Apparent terminal elimination half-life (t 1/2 ) was calculated as t 1/2 = 0.693 / k.
RESULTS AND DISCUSSION
Carvedilol Entrapment Efficiency
The EE% of all SLN formulations is shown in Table II , where EE% ranged from 68 ± 2.14 to 87.62 ± 1.48%. The observed high drug EE% with Compritol and Precirol might be attributed to the high hydrophobicity of the long chain fatty acids attached to the triglycerides leading to enhanced accommodation of lipophilic drugs (25) . Compritol and Precirol are complex lipids composed of mixtures of mono-, di-, and triglycerides which form less perfect crystals providing space to accommodate the drugs (26) .
SLN formulations containing Compritol (S1-S4) showed a significantly higher EE% (p value < 0.05) compared to those containing Precirol (S5-S8). This may be due to the difference in chain length and composition of the used lipids.
It was also clear that increasing the concentration of the surfactant from 1 to 2% w/v resulted in a significant decrease in the EE% of the prepared SLNs (p value < 0.05). This decrease in EE% could be explained on basis of the partition phenomenon. High surfactant level in the external phase increases solubilization of the drug in this phase resulting in increased partition of the drug from the internal to the external phase (27) .
As shown in Table II , increasing lecithin concentration resulted in a consequent increase in EE% (p value < 0.05). This could be attributed to the ability of the phospholipid to provide more space to incorporate the drug, and a monomolecular lecithin layer may be formed to stabilize the particle interface (28) . This is in accordance with previously reported results (29, 30) .
Particle Size Analysis
The particle size of all formulations ranged from 66 ± 4.92 to 352 ± 3.49 nm with low polydispersity indices indicating narrow particle size distribution (Table II) . The results showed that formulations containing Compritol had larger particle sizes than those containing Precirol. This could be attributed to the difference in viscosities and chain lengths of the two lipids (25) . Compritol 888 ATO is a solid lipid based on glycerol esters of behenic acid (C22), while Precirol ATO 5 is composed mainly of palmitic (C16) and stearic acid (C18) >90%. Compritol has a higher melting point (69.0-74.0°C) than Precirol (50.0-60.0°C) resulting in higher viscosity in addition to the presence of a long chain hydrocarbon of Compritol which leads to a larger particle size compared to Precirol (p value < 0.05).
There was a decrease in particle size with increasing surfactant concentration (p value < 0.05). A plausible explanation for this phenomenon is the reduction in interfacial tension between the lipid phase and the aqueous phase leading to the formation of small-sized droplets. Additionally, there is a possibility of the presence of a steric barrier on the surface of the particles produced by a higher surfactant concentration which protects smaller particles and prevents their coalescence into bigger ones (27) . Also, there was a decrease in the particle size upon increasing lecithin concentration (p value < 0.05). The increase of lecithin content in SLN formulations could reduce the melting point of the lipid matrix and the interfacial tension between the lipid phase and aqueous phase, hence favoring the formation of SLNs with smaller particle size (31) . These findings are in agreement with a previously reported study (32) . The combination of co-surfactant and surfactant displayed a synergistic effect and thus decreased the particle size and efficiently prevented particle agglomeration.
Since formulation S8 is Precirol based, it is understandable that its particle size came out smaller than the Compritolbased formulations, S1-S4. Additionally, the higher lecithin and poloxamer 188 content is probably responsible for the smaller particle size of formulation S8 compared to other Precirol-based formulations, S5-S7.
In Vitro Release Study of SLNs
The release profiles of carvedilol from SLNs as well as the control solution are shown in Fig. 1a, b . Carvedilol-loaded SLN formulations were able to retard its release, and the percentage released up to 8 h ranged from 35.04% to 55.51%. Formulations containing Compritol exhibited relatively slower release than those containing Precirol which might be due to the hydrophobic long chain fatty acids of the triglyceride in Compritol that retain the lipophilic drug (33) . Moreover, the decreased drug mobility at the experimental release temperature is a result of a higher melting point of Compritol. Paolicelli et al. (34) reported a variation in the release profiles of ibuprofen and acylglycerols with different melting points and suggested that the reason for this variation was the difference in lipid melting points.
Increasing poloxamer 188 concentration from 1 to 2% w/v led to a corresponding increase in the percentage of carvedilol released which was found for both lipids. The increased surfactant concentration resulted in a higher drug release which may be due to increased partitioning of the drug between the melted lipid phase and the aqueous surfactant phase as a result of greater drug solubility (35) .
Increasing lecithin concentration from 0.25 to 0.5% w/v resulted in an increase in the percentage of carvedilol released. A higher release noticed with increasing lecithin concentration could be explained by reducing the interfacial tension between the lipid matrix and aqueous phase and also decreasing the melting point of the lipid matrix as mentioned before. The release profiles of these SLNs behave like the drug-enriched core model (36) where the drug-enriched core is enveloped by a practically drug-free lipid shell. The hindering effects by the surrounding solid lipid shell as well as the increased diffusional distance may result in a retarded drug release profile.
Formula S8 exhibited the highest percentage of carvedilol release which could be attributed to its small size that led to an increase in their surface area. The release pattern of the drug from almost all SLN formulations followed the Higuchi equation with some fitted to zeroorder equation (S4 and S6), while the carvedilol solution followed the first-order kinetics. Table III shows the calculated permeation parameters for both carvedilol-loaded SLNs and the control solution. The diffusion studies showed that carvedilol-loaded SLNs were able to penetrate the nasal mucosa to a greater extent than the control solution (p value < 0.05). It seems beneficial to use carvedilol-loaded SLNs rather than the free drug when it comes to intranasal delivery. This nasal permeation enhancement achieved by the prepared SLNs could be explained by the lipophilic nature of SLNs that may enhance the permeation of the drug and their small particle size, so there are a large surface area and a monolayer film formation that in turn cause intimate drug adhesion with the mucous membrane. Since this monolayer film is hydrophobic, it exhibits an occlusive action that delays the loss of moisture as a result of evaporation, which can enhance the drug permeation (37) . Additionally, the crystal modification of the SLN matrix resulting from loss of its water content may induce drug expulsion and penetration (38) .
Ex Vivo Permeability Study
Another reason for this enhancement involves the fact that surfactants can fluidize or loosen the intercellular lipid layer of the nasal mucosa and thus enhance the permeation (39) .
Incorporation of a nonionic surfactant like poloxamer 188 might increase transcellular transport of carvedilol by reducing the barrier function of the mucous layer due to its capability for reducing the mucous viscosity, in addition to tight junctional modulation mediated by the nonionic surfactant (15) .
Based on the amount of drug permeated and permeability coefficient, SLNs containing Precirol, a higher concentration of poloxamer 188 (2% w/v), and a higher concentration of lecithin (0.5% w/v) exhibited enhanced delivery of carvedilol through the nasal mucosa. These results correlate well with in vitro drug release results. The results obtained were presented in Fig. 2a, b .
Formula S8 (containing Precirol, 2% w/v poloxamer 188, and 0.5% w/v lecithin) exhibited the highest permeability coefficient, the highest amount of permeated drug, and the shortest lag time; these results could be attributed to its smallest particle size and lowest polydispersity index which gave the highest surface area and the lowest aggregation of the nanoparticles that might improve the diffusion of the drug. Also the small particle size increases the occlusive effect and so the smallest particle size will give the greatest occlusion which might lead to a valuable increase in diffusion. The lowest permeation parameters were obtained in formula S1 (containing Compritol, 1% w/v poloxamer 188, and 0.25% w/v lecithin) which had the largest particle size. These results are in agreement with what has been reported in the literature (40) .
Experimental Design and Regression Analysis
A total of eight experiments representing all combinations of low and high levels of the three formulation factors were simultaneously fitted to multiple linear regression models. Stepwise regression analysis indicated that none of the factor interaction terms was significant for all of the responses; therefore, they were excluded from the final models. The analysis of variance of the final models for the responses Y 1 (EE%), Y 2 (particle size), and Y 3 (Q 24 ) depicted in Table IV demonstrates that the models explained a significant proportion of the variability in the observed responses (F ratio test, p value < 0.01). R 2 for Y 1 and Y 3 were 0.99 and 0.96, respectively, suggesting that the final models could satisfactorily account for the variability in these responses.
Residual plots for Y 1 and Y 2 (not shown) did not show clear patterns indicating a lack of prediction bias. Fitting a linear regression model to Y 2 failed to achieve an adequate fit, as indicated by R 2 of 0.90, nonlinear residual plot (Fig. 3a) , and %PE up to 57%. Using the Box-Cox transformation and maximum likelihood, a power of −0.12 was deemed appropriate for Y 2 variable transformation. Power transformation of Y 2 resulted in R 2 of 0.99, random distribution of residuals around the zero line (Fig. 3b) , and %PE up to 9% (Table V) . Quartile-quartile plots (not shown) indicated that the normality assumption was satisfied by all models.
The regression analysis proposes the following equations:
Equations 4-6 suggest that formulations made using Precirol (X 1 = +1) exhibit lower entrapment efficiency, smaller particle size, but larger Q 24 , compared to Compritol-based formulations (X 1 = −1). Surfactant concentration (X 2 ) has a negative effect on entrapment efficiency and particle size (Eqs. 4 and 5). Concentration of the co-surfactant (X 3 ) has a positive effect on entrapment efficiency (Eq. 4), but a negative effect on particle size (Eq. 5). Increasing surfactant and co-surfactant concentrations is associated with higher Q 24 values (Eq. 6).
Response Surface Analysis
Three-dimensional response surface visualization of the interactive effects of surfactant concentration and co-surfactant concentration at the two levels of lipid type is depicted in Fig. 4 . As can be seen, response surfaces for EE% (Fig. 4a) and Q 24 (Fig. 4c) were perfectly linear and nearly parallel between Compritol and Precirol. This finding suggests the lack of interaction between levels of all factors in these responses. For particle size, Compritol and Precirol surfaces showed slight deviation from parallel behavior ( Fig. 4b) . Increasing surfactant and co-surfactant concentrations produced a more prominent reduction in particle size when Compritol, rather than Precirol, was used as the formulating lipid. Unlike entrapment efficiency and Q 24 , the surface of particle size is nonlinear showing a quadratic-like path as the co-surfactant concentration increases from 0.25 to 0.4, then the surface levels off. At both lipid types, the sides of the surface were not exactly parallel. Increasing co-surfactant concentration from 0.25 to 0.5 decreases the particle size approximately from 350 to 225 nm at a constant concentration of the surfactant (1%). At 2% surfactant, particle size decreases approximately from 200 to 130 nm as the cosurfactant concentration increases. This finding is indicative of a possible positive interaction between surfactant and co-surfactant concentrations, even though this interaction turned out to be statistically insignificant.
Model Validation and Formulation Optimization
The results of the experiments, model simulated values, as well as %PE of responses Y 1 , Y 2 , and Y 3 for all formulations are listed in Table V . The developed models reasonably predicted the responses with %PE less than 1, 9, and 6% for Y 1 , Y 2 , and Y 3 , respectively. The adequate predictive performance of the models justifies their application in the rationalization of an optimal formula.
According to Table V , formula S3 has the highest EE%, while formula S8 has the smallest particle size and largest Q 24 value. Our developed models, combined with a weighted mean response approach, were used to rationalize an optimum formula that would have the largest EE%, smallest particle size, and highest Q 24 values possible. Formulation S8 with Precirol, 2% surfactant, and 0.5% co-surfactant fulfilled these criteria.
Confocal Laser Scanning Microscopy Study
In order to visualize the nasal delivery of the prepared SLNs, the optimized formula S8 was considered in this study. It was made fluorescent by the inclusion of rhodamine B (a lipophilic dye) in the lipid phase. The results showed an increased nasal mucosa penetration when rhodamine B was loaded in SLNs (S8), compared to the aqueous solution as shown in Fig. 5 . The fluorescent solution was visualized only up to the upper layers, while SLNs were assessed up to the deep layers of the nasal mucosa with a high fluorescence intensity and homogeneous distribution, evidencing the potential of SLNs as a penetration enhancer in nasal drug delivery.
Transmission Electron Microscopy
TEM was conducted to investigate the shape and surface morphology of carvedilol-loaded SLNs. From Fig. 6 , the TEM micrograph of S8 revealed that nanoparticles were almost spherical with smooth morphology and uniform distribution.
There are three different models supporting drug distribution theory within SLNs: (1) a core-shell model with a drugenriched core, (2) a core-shell model with a drug-enriched shell, and (3) a solid solution model (26) . Figure 6 illustrates the appearance of a thin layer surrounding the particles which postulate a drug-enriched core model. This model can be obtained if the drug precipitates first during the lipid solidification process which results in a drug-enriched core covered with a lipid shell with a decreased drug concentration.
Stability Study of SLNs
The stability of the optimized formula S8 was studied for EE%, particle size, and zeta potential after 3 months of storage at 4°C. As illustrated in Fig. 7 , formula S8 showed an insignificant change in EE% and particle size during the period of study (p value > 0.05).
Formula S8 was negatively charged where the zeta potential was found to be −30.6 ± 1.9 mV indicating a dispersion quality. Formula S8 showed an insignificant change in zeta potential upon storage indicating good stability (p value > 0.05) (Fig. 8) . Zeta potential is considered as a valuable marker for the stability of colloidal dispersions, as it significantly determines the extent of electrostatic repulsion between all adjacent, similarly charged particles in the dispersion. Consequently, the dispersions with high zeta potential are electrically more stable than those with low zeta potentials. The zeta potential value of formulation S8 was far from the aggregation threshold defined by Riddick (41) , which confirms its stability. Moreover, the high stability of formula S8 could be attributed to the presence of a decreased amount of partial glycerides like monoglycerides (8-22%) in Precirol (25) .
The improved stability observed ensures the importance of surfactant and co-surfactant combination. Poloxamer 188 has been reported to be one of the most effective nonionic surfactants to prevent the formation of aggregates (42), through steric stabilization of the formed emulsion and formation of a dense surfactant film at the particle/water interface leading to increased zeta potential of the formulation (more negative) (43) . Moreover, additional stabilization of Fig. 7 . Effect of storage on the amount of carvedilol retained and particle size of SLN formula S8 Fig. 8 . Effect of storage on zeta potential of SLN formula S8 Fig. 9 . Light photomicrograph of a untreated rat epithelium b rat epithelium treated with in situ gelling of carvedilol-loaded SLN formula S8 the emulsion may be provided by lecithin via electrostatic repulsion since it is an amphoteric surfactant (44).
Tolerability and Toxicity Studies (Histopathological Studies)
Tolerability and toxicity of intranasal formulations are essential parameters that should be assessed. Figure 9 shows light photomicrographs taken from anterior cross sections of rat nasal cavity following 14 days of exposure to in situ gelling SLN formula S8. Examination showed that none of the severe signs such as the appearance of necrosis, sloughing of epithelial cells, or hemorrhage was detected in any of the rats. However, minimal degenerative changes in the olfactory epithelium in addition to a mild inflammatory reaction in the lamina propria were observed.
Pharmacokinetic Studies
The pharmacokinetic parameters of carvedilol in rabbit plasma following administration of in situ gelling SLN formula S8, intravenous solution, and oral coarse suspension were assessed using the LC-MS/MS method. The LC-MS/MS assay was validated and confirmed good linearity from 5 to 300 ng/ ml with acceptable intraday and interday reproducibility. The mean plasma drug concentration-time profiles after administration of the different formulations are illustrated in Fig. 10 .
Maximum drug concentration was attained after 1 h following administration of the intranasal in situ gelling SLN formula S8 and the oral suspension. Table VI shows the pharmacokinetic data for the different formulations. The C max was 122.49 ± 16.17 ng/ml for formula S8, while it was 57.02 ± 4.38 ng/ml for the oral suspension indicating higher plasma drug levels in case of the nasal formula S8 as compared to the oral drug suspension (p value < 0.05). Additionally, the AUC 0-∞ values were 2496.86, 1263.83, and 601.21 ng h/ml for the IV solution, the nasal formula S8, and the oral drug suspension, respectively. The superior absolute bioavailability of the nasal formula S8 (50.63%) compared to the oral suspension (24.11%) clearly indicates a higher absorption of carvedilol when administered intranasally. This enhancement in bioavailability achieved by in situ gelling SLN formula S8 compared to the oral route is attributed to avoiding the first-pass metabolism attendant with peroral drug administration and increased permeability of SLN formulation.
The bioavailability results were consistent with a previous report evaluating a formulation of carvedilol-loaded nanotransfersomes developed by our group (45) and also carvedilol nanosuspension loaded into an in situ gelling nasal spray (46) . This finding suggests the necessity of implementing nanotechnology for the successful systemic delivery of carvedilol across the nasal mucosa.
Carvedilol-loaded SLNs were not administered in plain form to rabbits; instead, these SLNs were incorporated in a gel for nasal administration. Using a gel base was crucial to avoid nasal mucociliary clearance in order to achieve reasonable residence time. Although gel formulation is expected to influence drug flux across the nasal mucosa through mucoadhesion, this was not the case in our study. Ex vivo permeation of carvedilol using the sheep model did not improve by incorporating the free drug in the gel formulation (p value > 0.05, data not shown). This finding suggests that the improvement in bioavailability seen in our study is attributed solely to the SLN formulation.
CONCLUSION
We successfully optimized a SLN formulation for intranasal delivery of carvedilol. The formulation consists AUC area under the curve of 100 mg Precirol, 2% (w/v) poloxamer 188 as a surfactant, and 0.5% (w/v) lecithin as a co-surfactant. Our investigation shows that the SLN formulation facilitates permeation of large carvedilol quantities across the nasal mucosa and, hence, produces a significantly larger absolute bioavailability as compared to an orally administered drug.
